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Bone defects in revision knee arthroplasty are often located in load-bearing regions. The goal of this study was to determine
whether a physiologic load could be used as an in situ osteogenic signal to the scaffolds filling the bone defects. In order to
answer this question, we proposed a novel translation procedure having four steps: (1) determining the mechanical stimulus
using finite element method, (2) designing an animal study to measure bone formation spatially and temporally using micro-
CT imaging in the scaffold subjected to the estimated mechanical stimulus, (3) identifying bone formation parameters for the
loaded and non-loaded cases appearing in a recently developedmathematical model for bone formation in the scaffold and (4)
estimating the stiffness and the bone formation in the bone-scaffold construct. With this procedure, we estimated that after 3
yearsmechanical stimulation increases the bonevolume fraction and the stiffness of scaffold by 1.5- and 2.7-fold, respectively,
compared to a non-loaded situation.
Keywords: bone scaffold; total knee implant revision; mechanical loading; in vivo; finite element method; translational
medicine
1. Introduction
During revision knee arthroplasty (RKA), some of the
bone underneath the tibial tray is removed during the
procedure (Dorr et al. 1986). In this situation, the surgeon
normally makes a half epiphyseal cut to prepare a suitable
bed for a bone substitute (Bugbee et al. 2001; Nelson et al.
2003). Currently used bone substitutes are mainly allograft
(Engh 1998). A different strategy can be followed by using
metallic augments (Cuckler 2004). However, these two
techniques have serious drawbacks. Allografts show good
osteointegration at the interface, but the bulk often has
difficulties to be correctly incorporated by the host bone.
Moreover, allografts always present a risk of viral
infection (Parks and Engh 1997; Sculco and Choi 1998).
Metallic augments do not restore bone stock and their
integration with adjacent bone can be an issue (Huff and
Sculco 2007; Mabry and Hanssen 2007). Thus, bone
scaffold has been proposed as an alternative which could
restore the bone function (Terrier et al. 2009).
Bone scaffolds used in RKA will be subjected to a
direct mechanical loading from the tibial tray of the knee
implant. This situation will impose to correctly design the
load sharing between the implant and the scaffold in order
to ensure the mechanical integrity of the knee arthroplasty
procedure. However, loading can be used as an in situ
osteogenic signal enhancing bone formation in the scaffold
(Duty et al. 2007; Boerckel et al. 2009; Pioletti 2010). This
new concept has previously been demonstrated in vivo
where a controlled mechanical loading on rat knee was
shown to increase the bone volume fraction (BVF) in
polymeric scaffold implanted in distal femur of rat
(Roshan-Ghias et al. 2010).
Although in vivo studies are central to develop new
solutions in bone tissue engineering, the translation of the
results obtained with animal studies to human physiology
is a challenging and an imperfect technique (Muschler
et al. 2010). The size and shape of typical bone defects in
humans are rather different from bone defect models in
animals. The obtained results on the bone formation in the
scaffold when mechanical loading is applied (Roshan-
Ghias et al. 2010) can then not be directly used to design a
similar strategy in RKA.
To translate animal study results into information
usable for clinical applications, a theoretical model of bone
formation in scaffold should be employed. We have
previously developed and validated a mathematical model
of bone formation in the scaffold by considering that this
process follows a diffusion phenomenon (Roshan-Ghias,
Vogel, et al. 2011). The model with identified parameters
successfully predicted the results of two different animal
experiments. In parallel, we have quantified in an animal
study the bone formation inside the bone scaffold in loaded
and non-loaded conditions (Roshan-Ghias, Lambers, et al.
2011). The goal of this study was to determine whether a
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physiologic load transmitted by the tibial tray of the knee
implant to the underlying scaffold can be used as an in situ
osteogenic signal. An increase of the bone formation and
mechanical property of the loaded scaffold should then be
obtained compared to a situation with no mechanical
loading.
2. Materials and methods
A schematic representation of the proposed method is
shown in Figure 1. The schema has four boxes
representing the four main steps followed in the study.
The result of each box is the input of the next box. The
process begins with a definition of the clinical application
(Box 1). In our case, we wanted to know whether loading
could be an osteogenic factor in a scaffold used for a RKA
scaffold. To determine what mechanical stimulus is
induced in the scaffold due to the physiologic loading, we
devise a finite element study. By finding the mechanical
stimulus, we design an animal study (Box 2) in which
the loading condition in the animal is such that the
level of mechanical stimulus in the scaffold is similar to
that of the targeted clinical application. Bone formation
over time inside the scaffold is obtained by longitudinal
micro-CT imaging (Roshan-Ghias, Lambers, et al. 2011).
In addition, micro-CT imaging provides spatial infor-
mation on the bone formation in the scaffold. Spatial and
temporal experimental data for loaded and non-loaded
scaffolds are then inputted into the bone formation model
developed previously (Roshan-Ghias, Vogel, et al. 2011),
and the corresponding sets of parameters (one for loaded
and another for non-loaded scaffolds) of the model are
identified accordingly (Box 3). The bone formation model
with the two sets of identified parameters allows
comparing bone formation in RKA scaffold with or
without mechanical stimulation. In order to estimate the
mechanical properties of the RKA scaffolds, a relation
between the bone volume and Young’s modulus has to be
established. Micro-FE modelling is used to determine this
relation. The final step is to estimate the stiffness of the
RKA scaffold (Box 4).
2.1 Defining clinical application: finite element model
of RKA (Box 1)
A cadaveric tibia was scanned using a medical CT scanner
(LightSpeed Ultra, General Electrics, Hertfordshire, UK).
The cortical bone and trabecular bone were segmented
using Amira (Visual Imaging, San Diego, CA, USA), and
were prepared for meshing by Geomagic (Durham, NC,
USA). The model was then imported in ABAQUS
(Simulia, Providence, RI, USA) and meshed with
tetrahedral elements.
The RKA prosthesis was a revision knee prosthesis
prototype, which is derived from the FIRST prosthesis
(Symbios Orthope´die SA, Yverdon, Switzerland). The
prosthesis was composed of three parts: the stem, the plate
and the polyethylene (PE). The implant geometry was
simplified by removing the unnecessary edges and grooves
in SolidWorks (Dassault Syste`mes SolidWorks, Concorde,
MA, USA) and imported in ABAQUS. The implant was
placed inside the tibia under the supervision of a senior
surgeon. In order to simulate the reaming process, the
implant stemwas enlarged by 1mm and its intersection with
bone was removed. The space between stem and bone was
filled with cement elements (Figure 2(a)). The mechanical
properties of all parts are listed in Table 1. Young’s modulus
of scaffold was measured in compression test using an
Figure 1. Schematic diagram of the proposed method, from animal study to clinical application.
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InstronElectropulsE3000 (Instron,Bucks,UK).Mechanical
properties of prosthesis parts were obtained from the
manufacturer.
As boundary conditions, the distal part of the bone and
cement was fully constrained (Figure 2(b)). The loads
were applied based on an average body weight (BW) of
86 kg of 62 patients who underwent RKA (Hockman et al.
2005). Assuming level walking, axial force of 2.5 BW was
applied on the PE (60% medial, 40% lateral), shear force
of 0.5 BW was applied on the PE-directed anteriorly and
patello-femoral force of 0.8 BW was applied to the
insertion point of the patellar ligament on the tibia (Figure
2(b) (Taylor et al. 1998). The contact between all parts was
assumed to be glued (Completo et al. 2008). The outcome
of the RKA model was the average value of strain induced
in the RKA scaffold.
Mechanical stimulus for bone remodelling is defined
as (Turner 1998)
S ¼ k 1 f ; ð1Þ
where S is the mechanical stimulus, 1 is the peak-to-peak
strain magnitude, f is the loading frequency in cycles per
second and k is a constant unitless coefficient. Assuming
walking load ( f ¼ 1), k ¼ 1, and having 1 calculated from
the FEM, S can be estimated.
2.2 Designing animal study (Box 2)
The animal study was previously performed and reported
thoroughly elsewhere (Roshan-Ghias, Lambers, et al.
Figure 2. (a) A frontal cross section of FE model. (b) Boundary
condition at the distal side of tibia. Loads due to walking are
shown with arrows.
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2011). In short, scaffolds made of PLA/b-TCP were
inserted in both femoral condyles of rat. The right leg of
each animal was subjected to loading starting from 2
weeks after surgery (10N, 4Hz, 5min, every 2 days for a
total of five times) and the left leg was kept as control. The
magnitude and frequency of loading were determined such
that the mechanical stimulus, S (Equation (1)), in the
implanted scaffold is close to the calculated mechanical
stimulus in RKA scaffold obtained from Box 1 (Roshan-
Ghias et al. 2010). The BVF in the animal study was
measured using micro-CT imaging at different time points
and into 16 donut-shaped concentric regions in the scaffold
(Roshan-Ghias, Vogel, et al. 2011). Spatial and temporal
BVF data were then obtained for loaded and control
scaffolds.
2.3 Identifying bone formation parameters (Box 3)
We have previously shown that bone formation inside a
scaffold can be described by diffusion Equation (Roshan-
Ghias, Vogel, et al. 2011)
›c
›t
¼ aDc; ð2Þ
where c is the BVF, t is the time and a is the scaffold
osteoconductivity. The basic assumption of the proposed
model was that bone initiates from the surrounding
osteogenic tissue (e.g. bone or bone marrow), and not from
the non-osteogenic neighbours (e.g. implant and muscle).
This is translated into the following boundary conditions
2a
›c
›X
!!!!
X¼V1
¼ h½C 2 cðX; tÞ%X¼V1 ;
›c
›X
!!!!
X¼V2
¼ 0; ð3Þ
where h is the peri-scaffold osteoinductivity, C is the final
BVF, X is the spatial coordinate and (V1 and V2 are the
coordinates of the osteogenic and non-osteogenic inter-
faces, respectively. To identify C, a and h for the loaded
and non-loaded scaffolds, we used spatial and temporal
evolution of BVF from the corresponding data obtained
from the animal study described in Box 2 (Roshan-Ghias,
Lambers, et al. 2011).
2.4 Translating to clinical application: RKA scaffold
(Box 4)
The geometry of scaffolds used in the FEM of RKA was
imported in COMSOL (Comsol AB, Stockholm, Sweden),
and meshed with tetrahedral elements. Two different sets of
identified parameters for the bone formation model were
used (obtained from Box 3) for non-loaded and loaded
scaffolds. Diffusion equation was solved inside the scaffold,
assuming that the boundaries adjacent to the bone are
osteogenic (Roshan-Ghias, Vogel, et al. 2011), and the
boundaries adjacent to implant and muscle tissue are non-
osteogenic. The two models (non-loaded and loaded) were
solved for a time period of 36 months, with time steps of
1month. In order to estimate the stiffness of RKA scaffold
over time, we estimated the relation between BVF and
Young’s modulus of bone-scaffold construct E(BVF)
(Appendix). The BVF values from the diffusion problem
and the E(BVF) relation were used to define Young’s
modulus of each element. Poisson’s ratio was assumed to be
0.3 for all elements. The distal part of the scaffold was fixed
and the proximal part was subjected to displacement, and the
apparent Young’s modulus of RKA scaffold was calculated.
3. Results
3.1 Box 1
Figure 3(a) shows the distribution of the largest principal
strain inside a RKA scaffold. The strain increased from
around 300 to 8000m1 in the lateral-medial direction. The
average strain inside the scaffold was 3100m1. Thus,
using Equation (1), the average mechanical stimulus in
RKA scaffold was equal to 3100m1=s.
3.2 Boxes 2 and 3
Results of the animal study with mechanical stimulus
corresponding to that determined in Box 1 have been
presented in Roshan-Ghias, Lambers, et al. (2011). Briefly,
the mechanical stimulation enhanced the bone formation
inside the scaffold by 18% after 35 weeks. The parameters
of the mathematical model for the loaded and non-loaded
Figure 3. (a) Largest principal strain due to a load corresponding to walking. (b) BVF in a loaded scaffold after 3 years.
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scaffold are reported in Table 2. The estimated final BVF,
C, was increased in the scaffold by mechanical stimulation.
Scaffold osteoconductivity, a, was also higher for the
loaded scaffold by more than twofold, but the peri-scaffold
osteoinductivity, h, was lower for the loaded scaffold.
3.3 Box 4
Figure 3(b) shows the BVF in a 3-year time for a loaded
scaffold. We observed a sharp gradient of bone formation.
The regions close to the bone interface reached the highest
values of BVF, but the regions far from the bone interface
stayed almost empty (around 10–15% of BVF). The
evolution of BVF over time is shown in Figure 4(a) for both
loaded and non-loaded scaffolds.Without the loading, BVF
reached 28% after 3 years. However, with the loading, we
observed a 1.5-fold increase up to 42% of BVF in scaffold.
The relation betweenYoung’s modulus of bone-scaffold
constructs andBVF is shown inFigure5.Weobserved that as
soon as one layer of bone is formed around the pores of the
scaffold (equal to 15–20%ofBVF),Young’smodulus of the
bone-scaffold construct jumps to higher values (from 20 to
250–350MPa). Power law was used to fit these data, as an
explicit form was needed later in the RKA model:
EðBVFÞ ¼ 24:2þ 5:65ðBVFÞ1:457; ð4Þ
where E, Young’s modulus, is expressed in MPa.
ByusingEquation (2) and the estimatedBVF inside RKA
scaffold, the stiffness of the RKA scaffold was estimated over
time. It showed a different temporal pattern compared to BVF
(Figure 4(b)). In the first 10–12 months for the non-loaded
scaffold, and the first 4–5 months for the loaded scaffold, a
latency period was observed where Young’s modulus of the
bone-scaffold construct does notmarkedly increase over time.
The stiffness of the non-loaded scaffold reached 550MPa,
whereas for the loaded scaffold it reached 1500MPa. It was
also observed that the loaded scaffold reached the stiffness of
550MPa as early as 15 months, compared to 36 months
needed for the non-loaded scaffold.
4. Discussion
The goal of this study was to determine whether a
physiologic load transmitted by the tibial tray of the RKA
to the underlying scaffold could be used as an in situ
osteogenic signal. We proposed a novel procedure to
answer this question. The procedure contains finite
element modelling, animal experiment, identification of
bone formation and translation of the animal study to the
clinical application. We found out that the mechanical
stimulation transmitted by a tibial tray of a RKA is indeed
a potent osteogenic signal, enhancing the bone formation
by 50% and the stiffness of bone scaffold by 2.7-fold.
The FE model of RKA allowed us to test whether the
scaffold can withstand the loading due to walking. Various
parameters might affect the outcome of the model, and we
have addressed someof these issues in a previous publication
(Terrier et al. 2009). The highest strain induced inside the
scaffold occurred at the most superficial part of the scaffold,
but was well below 1% strain. It is within the safe values of
strain (Terrier et al. 2009). The same FE model was used to
estimate themechanical stimulus in the scaffold.Theaverage
mechanical stimulus in the RKA scaffold was equal to
3100m1=s. In the animal experiment, we have shown that
the average of the largest principal strain in the scaffold was
625m1 (Roshan-Ghias et al. 2010). As the frequency of
loading was 4Hz, themechanical stimulus, S, is estimated to
be equal to 2500m1=s, close to the RKA value. The new
concept of using controlled mechanical stimulus applied on
the scaffold has also been recently suggested for other
surgical procedures (Pioletti 2010).
Table 2. Bone formation parameters for non-loaded and loaded
scaffolds.
Non-loaded Loaded
C (%) 68.6 83.5
a (mm2/day) 0.0041 0.0097
H (mm/day) 0.0073 0.0057
Figure 4. Evolution of (a) BVF. (b) Young’s modulus, over time for non-loaded and loaded scaffolds.
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Without mechanical stimulation, the calculations
indicated that the scaffold would be poorly filled (27%)
with bone after 3 years. However, in the presence of
mechanical stimulation, the BVF was estimated to reach
43%. This would be a remarkable increase without adding
extra cells and growth factors. Moreover, the mechanical
properties increased by 2.7-fold, reaching almost 1.5GPa,
similar to the trabecular bone of human proximal tibia
(Guo 2001). However, the interface between scaffold and
implant showed little bone formation (10–20%), even
after 3 years. Thus, if a faster regeneration of bone is
needed, other means of osteoinduction should be
employed. Cell seeding (Puelacher et al. 1996; Vacanti
et al. 2001; Pioletti et al. 2006; Degano et al. 2008) and
growth factor (Zisch et al. 2003; Seliktar et al. 2004)
impregnation of scaffold enhance the rate of bone
formation by a great extent, and are possible solutions to
accelerate the bone formation inside the scaffold.
However, as mentioned in the introduction, this comes
with an increased complexity, which may hamper clinical
translation of bone tissue engineering.
The findings of this study suggest that early
mechanical stimulation can be highly beneficial for the
bone formation in the scaffold. The current practice,
however, is to immobilise the knee in a cast for at least 3
months, and full weight bearing is inhibited until a
maximum of 3 months post-operatively (Heyligers et al.
2001). Indeed, post-operative load bearing has always
been a disputable topic in orthopaedics (Ghazavi et al.
1997). It has also been suggested that the limb could be
immediately loaded with half BW, if the joint is perceived
to be stable (Pietsch et al. 2006). Late loading is not as
osteogenic as early loading, as it has been shown before in
fracture healing (Goodship et al. 1998). Thus, based on the
results of this study, we could propose to apply short bouts
of daily loading (normal walking load) in the first month
post-surgery, with initial delay of 1 week (Roshan-Ghias,
Lambers, et al. 2011). The duration of loading can be as
short as half an hour. We applied cyclic loading at 4Hz for
5min, so in order to have the same number of cycles of
loading during walking, 20–30min can be sufficient.
However, this can be recommended if surgeon perceived
that the joint is stable and capable of supporting load.
In the absence of clinical data for the bone formation
inside the scaffold, we had no choice but to use the animal
study data. Moreover, the in vivo data that we had were
from a small animal like rat. It is generally suggested that
larger animals such as goat and sheep are more suitable for
bone-related studies, as they show closer resemblance to
human bone (Pearce et al. 2007). However, some
researchers have reported that the rate of bone ingrowth
into a bone chamber implanted in rat and goat is similar
(van der Donk et al. 2001; Buma et al. 2004). This might
suggest that the rate of bone formation is the same for
human as well. However, age plays an important role in
human on the healing capacity of the bone (Gruber et al.
2006). Since the patients who undergo RKA normally
belong to an old population, the rate of bone formation
might be significantly lower. If the surrounding bone is
sclerotic and poorly vascularised, it may not allow for
incorporation of bone substitute (Nelson et al. 2003).
One of the limitations of our model is that we
extrapolated the data in time. The in vivo data we had were
limited to 8 months, while we extrapolated it to 3 years time.
The scaffold can degrade to a great extent after 3 years, and
this might affect the process of bone formation. Degradation
could also influence the mechanical properties of the
bone-scaffold construct over time. However, the effect of
degradation on mechanical properties will have a limited
impact, as bone supports most of the load in a bone-scaffold
construct due to its superiormechanical properties compared
to scaffold. We did not take into account the effect of
degradation in this study. Another possible limitation of the
model to evaluate the bone formation in the scaffold could be
that the solution of diffusion equation at t ¼ 0 might be
erroneous in some cases. However, as we were dealing with
bone formation as early as 2 weeks, and not at t ¼ 0, we
believe (and the result shows) that the mentioned drawback
of Fick’s Law does not affect our result.
One of our assumptions was that Young’s modulus of
the bone-scaffold construct mainly depends on the BVF of
scaffold. We have shown that BVF alone cannot explain
all the variations seen between Young’s modulus of bone-
scaffold constructs; however, it is by far the most
important bone morphometric parameter in determining
stiffness (Roshan-Ghias, Lambers, et al. 2011). We also
assumed that bone is formed in layers inside the scaffold,
but in reality bone is formed in patches, as seen at the early
time points using micro-CT (Roshan-Ghias, Vogel, et al.
2011). However, as soon as BVF is large enough, the
Figure 5. Young’s modulus of a unit of bone-scaffold construct
with respect to BVF. The cross points are the estimated values for
each scaffold, the solid line is the fitted relation and the dotted
lines are the 95% confidence interval of the fitted relation.
A. Roshan-Ghias et al.850
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patches grow and join to make a unified layer around the
walls of the pores (observed in histology sections, in
Roshan-Ghias, Lambers, et al. (2011)).
5. Conclusions
In this study, we proposed that mechanical stimulation
could be used as an efficient osteogenic signal for bone
formation in a scaffold filling an epiphyseal defect in
RKA. Our results suggested that loading could enhance
BVF and stiffness of the scaffold. We proposed a new
procedure to translate animal study data into a clinical
application. The proposed method can be employed for
evaluation of other bone tissue engineering strategies for
different clinical applications.
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Appendix: Relation between BVF and E in the scaffold
Five cubic scaffolds were scanned by micro-CT and the images
were reconstructed with NRecon software (SkyScan, Kontich,
Belgium). The obtained images were then imported in Matlab
(Mathworks, Natick, MA, USA) to segment scaffold from pores
and produce voxel-based micro-FE models (Figure 6). The
region of interest was selected as a cube of 2.5mm in length. PLA
material properties were estimated using back-calculation
technique (Van Rietbergen et al. 1997), i.e. by comparing
micro-FE analysis and experimental compression test performed
on the scaffold. To model the bone formation in the scaffold, it
was assumed that bone was uniformly opposed layer-by-layer on
the scaffold. Each layer is represented by one element in the
micro-FE model. To simulate different BVFs in the scaffold, one
to five layers of elements were created on the walls of the scaffold
(Figure 6). The remaining spaces in pores were assumed to be
filled with elements representing bone marrow. The model was
then exported to ABAQUS for structural analysis. Mechanical
properties are shown in Table 3. Strain of 2.5% was applied to the
bone-scaffold constructs and Young’s modulus was calculated
accordingly. A mathematical relation, E(BVF), between BVF
and Young’s modulus could then be established.
Figure 6. A cross section of the FE mesh of bone-scaffold construct, showing growth of bone elements on the pore walls. The arrows
show the direction of the load.
Table 3. Mechanical properties of materials used in micro-FE model.
E (MPa) n
PLA 313 0.3
Bone (Homminga et al. 2001) 5000 0.3
Bone marrow (Perren 1979) 0.05 0.3
A. Roshan-Ghias et al.852
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